Abstract-Printed circuit board (PCB) integrated inductors have been adapted for operation as fluxgate sensors. A ring core is made from an electrodeposited permalloy thin film and is sandwiched between the layers of the PCB. The sensor excitation winding is also integrated into the PCB design. The pick-up coil is wound around the frame of the PCB core. Different types of current excitation waveforms with tuned and nontuned pick-up coils were used. The achieved sensitivities for 60 turns of tuned/nontuned pick-up coil, a sinusoidal waveform excitation current of Irms = 300 mA, and an excitation frequency of 150 kHz were 13100/1800 V/T. The achieved sensitivity for pulse excitation (Ipeak-peak = 900 mA, Irms = 184 mA, duty 20%) was 2100 V/T. Noise power density for pulse excitation was 1.2 nTrms Hz@1 Hz, noise rms value from 10 mHz to 10 Hz was 3.3 nT. A perming error of 1 T was measured for a wide range of excitation currents.
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I. INTRODUCTION
T HE fluxgate sensor is one of the most popular precise magnetic field sensors but the complicated construction of the core and coils present an obstacle for reducing the production price [1] and the size. Several research groups have been seeking solutions for reducing the size and cost of fluxgate sensors using standard planar technology [2] - [5] and PCB technology [6] - [9] . Fluxgate mode can also be used in AMR sensors [10] .
The sensor presented here was adapted from previously developed PCB-integrated inductors [11] . The main objective of our work is to develop a cheap fluxgate sensor technology based on embedding magnetic materials inside multilayer printed circuit boards (PCBs). This paper describes the performance of a PCB technology fluxgate sensor measured using different types of excitation current waveform and for tuned and nontuned pick-up coils. In previous work, the authors proved the functionality of the sensor but the main disadvantage of the construction was the power consumption caused by the sine wave excitation [12] . In this work, a pulse waveform excitation current has been used to reduce RMS value of the excitation current, and, hence, the power dissipation. The performance of the sensor is measured using this pulse waveform and is compared to the performance with sinusoidal excitation. The temperature stability of the sensor offset and sensitivity is also investigated.
II. SENSOR CONSTRUCTION
The construction is derived from the inductor embedded in PCB technology. The magnetic core has the form of two 22-m-thick toroids made of electrodeposited permalloy, which are embedded between the layers of the PCB. The toroids have an inner diameter of 7 mm and an outer diameter of 10 mm. The sensor excitation winding is also integrated into the PCB design: individual conductor sections in the lower and upper copper layers are connected by vias, thus forming 40 turns with a total resistance of 700 m ,which encircle the magnetic core. For an excitation current of 1 A, a magnetic field intensity of 1.45 kA/m Oe is created in the core [13] . Fig. 1 (a) shows the PCB with the embedded magnetic core and the excitation winding. The pick-up coil of the fluxgate sensor was implemented using an external winding with 0.2 mm diameter copper wire. In order to wind the pickup coil, the PCB core was mounted on a frame made from a second PCB (as shown in Fig. 1(a) and the 60 turns pickup coil was wound around this frame. Fig. 1(b) shows the sensor with the pickup coil.
III. SENSOR EXCITATION

A. Sinusoidal Excitation
The simplest fluxgate sensor excitation with a sinusoidal current was implemented and presented in [12] . The initial testing was performed with an un-tuned pick-up coil. Later the pick-up coil was tuned to have a resonance at 300 kHz by using a parallel 10 nF capacitor. of 300 mA [12] . The noise power density for tuned pick-up coil was 200 pT Hz Hz and the noise rms level was 0.3 nT in the frequency range 10 mHz to 10 Hz. The perming error (shock field sensitivity) was 0.5 T for a shock field of 10 mT [12] . Resonance of the excitation coil could not be achieved due to its high resistance and relatively low inductance.
B. Pulse Excitation
The rms value of the excitation current, and, hence, the power dissipation of the sensor can be reduced by using pulse excitation. Fig. 3 shows the traces of excitation current and pick-up coil voltage for the pulse waveform excitation. The design of the excitation electronics was described in [14] . In this case, the pick-up coil is tuned with a parallel 10 nF capacitor. The peak-peak value of the excitation current in both Figs. 2 and 3 ismA, at an excitation frequency of 150 kHz. The duty cycle for pulse excitation was 20%; therefore, the rms value of the current was only 184 mA (sinewave 300 mA).
In Sections V and VI, the characteristics of the sensor using the pulse excitation are measured and the temperature stability of the sensor is investigated. These new investigations continue and extend the previous work on the PCB fluxgate, which has been summarized above. To the authors knowledge, this is the first time that the temperature sensitivity of a PCB embedded fluxgate sensor has been presented.
IV. TEST RESULTS
A digital lock-in amplifier (Stanford Research SR 844) was used for measurement of the sensor characteristics. The reference was set to second harmonic and the phase was always adjusted for maximum sensitivity. The computer controlled measurement system was driven by LabVIEW software. An external magnetic field was applied by placing the sensor in a Helmholtz coil system. The value of the Earth's field was subtracted from the Helmholtz coil field during the data processing.
A. Sensitivity   Fig. 4 shows the second harmonic of the sensor pickup voltage versus the applied magnetic field for field values in the range of the earth's field. The sensor characteristic is shown for various values of the excitation current. In this case the pick-up coil is tuned by a parallel capacitor Cp nF. The pulse excitation duty is 20% in all cases. As can be seen, the sensor characteristics are linear and the sensor sensitivity is increasing with excitation current amplitude. Fig. 5 plots the sensor sensitivity versus the excitation current. This figure shows that the sensitivity increases until the excitation current reaches a value of 1800-mA peak-peak. Higher values of the current will not significantly increase the sensitivity, as the PCB core is deeply saturated. However, in general, fluxgate noise and perming effect decrease with increasing excitation amplitude. The optimum performance from the point of view of decreasing noise and perming is usually obtained for excitation levels higher than that which gives maximum sensitivity. Fig. 6 compares the sensor response for three different sensor configurations over a wide field range. The figure shows how the sensitivity is dependent on the type of the excitation current and whether the pickup coil is tuned or un-tuned. In all cases the excitation frequency is 150 kHz and excitation current peak-peak value is 900 mA. The sensor with the sinewave excitation and the tuned pick-up coil has the highest sensitivity. The lowest sensitivity is for the sinewave current with untuned pick-up coil. The middle sensor response belongs to the pulse excitation with 20% duty and tuned pick-up coil.
The value 900-mA peak-peak was chosen according to the previous sinewave testing measurements in [12] . Fig. 6 shows that this value does not saturate the core sufficiently. The sinewave excitation of 900-mA peak-peak corresponds to an rms value 300 mA, and, in this case, the power dissipation caused heating of the sensor. For the pulse excitation the 900-mA peak-peak value corresponds to a significantly reduced rms value 184 mA.
B. Perming Effect
The perming error of the sensor was also investigated. A dc field of 5 mT was applied in one direction and then the sensor response within 80 to 80 T was measured. Afterwards a 5-mT field of opposite polarity was applied to the sensor and again the sensor response was measured. The sensor was placed with sensitive axis perpendicular to the horizontal component of the Earth's magnetic field. A series of measurements was performed to investigate the influence of the 5 mT perming field of constant value on the sensor with variable excitation current from 500-to 2000-mA peak-peak. The perming error of the device was 1 T when using excitation currents ranging from 900-to 2000-mA peak-peak. There was no clear dependence of the perming error on the excitation current. This again indicates that the excitation current is too low for full core saturation.
C. Noise
The noise measurements were performed with the sensor placed within a cylindrical enclosure shielded using six layers of permalloy. The Stanford Research SR770 spectrum analyzer and the Agilent 54 621A oscilloscope were used for measurement of the output of the Stanford Research SR844 lock-in amplifier tuned on the second harmonics of the sensor excitation current. The sensor noise characteristics were measured for pulse excitation currents, with an excitation frequency of 150 kHz, a peak-peak current of 900 mA and a tuned pick-up coil Cp nF . Fig. 7 shows the noise power density spectrum for the sensor. The noise shape typical for fluxgate sensors can be seen. The noise value at 1 Hz is 1.2 nTrms Hz and the noise rms value is 3.3 nT in the range of 10 mHz to 10 Hz. Fig. 8 shows the time plot of the sensor noise and indicates that the peak-peak level of the noise is 87 mV, which corresponds to 12 nT. For higher levels of the excitation amplitude the noise level decreases: for 1500 mA -(300 mA ) excitation current the noise power density is 180 pTrms Hz Hz.
V. TEMPERATURE CHARACTERISTICS
One of the most important characteristics of any sensor is the stability of the parameters, and, here, we investigate the stability of the sensitivity and offset with temperature.
The PCB sensor was placed inside a thermally isolated chamber. This chamber was situated inside the six-layer permalloy shielding in order to isolate it from external fields. Within the chamber the temperature can be controlled in the range C to C. The chamber is heated from C to C by the power losses in a resistive winding in the chamber. The chamber is cooled to C by a tube containing anti-freeze liquid which is wound around the chamber. The anti-freeze liquid is cooled by a freezer and then the liquid is pumped into the tube. As a final step, the chamber is heated again to the starting temperature. Fig. 9 shows the measured offset voltage of the sensor versus temperature. The offset remains within 5 T over the entire temperature range. The temperature stability of the sensor sensitivity was measured in a similar manner [15] . The temperature was varied from C to C, then to C and then back to C. Fig. 10 shows the sensitivity change with temperature. The sensitivity changes by approximately 20 V/T/ C so that the temperature coefficient of sensitivity is approximately 1%/ C.
It is though that the change of the sensor parameters with temperature is partly caused by a change of the permeability of the electrodeposited ferromagnetic material used in the sensor core construction. Another contribution is from the change in shape and dimensions due to the temperature coefficient of expansion of the epoxy layers.
The following tests were performed in order to separately investigate the contribution of the PCB structure and core material to the temperature stability. The temperature stability of the inductance is investigated for an electrodeposited NiFe film core embedded in the PCB structure and a stand-alone electrodeposited NiFe film core. The windings on the PCB embedded core are formed from the PCB tracks and vias which surround the sandwiched core as in the case of the sensor. For the stand alone core, turns of copper wire are wound around the core to form a similar inductor. The shape, size and material of the embedded and stand-alone NiFe film cores are the same. These two inductors were slowly heated up to 90 C and during the heating the inductance value was recorded. Fig. 11 describes change of the inductance in percent for both the embedded and stand-alone core over the temperature change of 60 C.
The results show that the variation of the inductance for standalone NiFe electrodeposited core inductor is in the range less then 5% over 60 C. The variation of the inductance for the embedded NiFe electrodeposited core inductor is approximately 30% over the same temperature range.
As a conclusion, we would suggest that the major contribution to inductance change versus temperature for the NiFe electrodeposited core inductor is the PCB structure and not the property of NiFe film. This could possibly be explained by the mechanical stress of the core. The core inside PCB structure is stressed by mechanical tension caused by the temperature expansion of PCB layers. The typical expansion factor for a PCB is several 10 s of ppm in the plane, but in axis, perpendicular to the plane the expansion is approximately 200 ppm. It is, therefore, likely that the temperature stability of the PCB fluxgate sensor is also caused by the mechanical stress imposed on the embedded core and the consequent change in magnetic properties caused by this.
VI. CONCLUSION
Pulse excitation of a fluxgate sensor using PCB technology was introduced. A 150-kHz 20% duty cycle excitation current was used during testing of the sensor. The pick-up coil tuning capacitor of 10 nF was used for increasing the sensitivity.
The achieved sensitivity was 2100 V/T when using 900-mA peak-peak (184 mA rms) excitation current, but with higher excitation current 1800-mA peak-peak a higher sensitivity of 8100 V/T was experienced. The perming error of the sensor was below 1 T for 10-mT shock field and excitation currents ranging from 900-mA peak-peak to 2000-mA peak-peak (400-mA rms). The noise power density for 900-mA peak-peak excitation current was 1.2 nTrms Hz Hz the noise rms value in range from 10 mHz to 10 Hz was 3.3 nT.
We have shown that pulse excitation could be used in PCB sensor excitation to significantly reduce the consumption, and, therefore, the power dissipation inside the sensor. The power consumption in pulse excitation drops to 60% to equal peak to peak value of the sinewave excitation. The maximum linear range of the sensor also increases due to better saturation of the core. However, the sensor electronics required for pulse excitation is more complicated. Another method which can generally reduce the consumption of the sensor is the use of a resonant circuit with the excitation coil. However, in this case, the excitation coil resistance is high and the inductance is relatively low; therefore, resonance could not be achieved. The resistance could be decreased using thicker PCB tracks but the vias still contribute to the high resistance of the coil. Using bigger vias could improve the resistance but still we are limited with size and space around the core. Other excitation methods, for example using a A 5-T offset change was observed for a temperature variation in the range to C and the temperature coefficient of sensitivity was measured to be 1%/ C. The interaction between the core material properties and the thermal expansion of the PCB was investigated. The main contributor to the parameter change with temperature would appear to be stress caused by the PCB structure itself. Therefore, the design of the PCB including the core must be modified, in order to remove the mechanical stress as far as it is possible. Such a modification could include the placement of an air gap between the core and next layer of PCB. The mechanical stress could be also removed by decreasing the temperature expansion factor of the substrate. The disadvantage is that the use of materials other than the traditional epoxy material could increase the sensor cost, thus losing one of the main advantages of the current design.
The use of embedded high permeability material sheets in the sensor construction could improve the sensitivity and noise. However, using embedded, as opposed to electrodeposited, material for the core structure may also lead to an increased cost.
